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Abstract. Increasing numbers of studies have suggested
that a comprehensive assessment of the impacts of crop-
ping practices on greenhouse gas (GHG) emissions per
unit yield (yield-scaled), rather than by land area (area-
scaled), is needed to inform trade-off decisions to in-
crease yields and reduce GHG emissions. We con-
ducted a meta-analysis to quantify impacts of rice vari-
eties on the global warming potential (GWP) of GHG
emissions at the yield scale in China. Our results
showed that signiﬁcantly higher yield-scaled GWP occurred
with indica rice varieties (1101.72kgCO2 equiv.Mg−1)
than japonica rice varieties (711.38kgCO2 equiv.Mg−1).
Lower yield-scaled GHG emissions occurred within 120–
130 days of growth duration after transplanting (GDAT;
613.66kgCO2 equiv.Mg−1), followed by 90–100 days
of GDAT (749.72kgCO2 equiv.Mg−1), 100–110 days of
GDAT (794.29kgCO2 equiv.Mg−1), and 70–80 days of
GDAT (800.85kgCO2 equiv.Mg−1). The fertilizer rate of
150–200kgNha−1 resulted in the lowest yield-scaled GWP.
Consequently, appropriate cultivar choice and pairs were of
vital importance in the rice cropping system. A further life
cycle assessment of GHG emissions among rice varieties at
the yield scale is urgently needed to develop win–win poli-
cies for rice production to achieve higher yield with lower
emissions.
1 Introduction
Agriculture is estimated to account for 10–12% of anthro-
pogenic emissions of greenhouse gases (GHG) worldwide,
including 60% of global nitrous oxide (N2O) emissions and
50% of methane (CH4) emissions (Smith et al., 2007). Rice
paddies are considered one of the most important sources of
atmospheric CH4 (IPCC, 1992), but they also emit N2O and
the intensity of emissions is related to the nitrogen (N) fer-
tilizer application rate (Zou et al., 2007). China ranks ﬁrst in
the worldin annualrice production(FAOSTAT, 2011).To en-
sure food security for its increasing population, Chinese rice
production needs to increase by 20% by 2030 (Peng et al.,
2009). Theincreasing demandfor rice inthe future hasraised
tremendous concerns about increasing GHG emissions (van
Beek et al., 2010; Zhang et al., 2011; van Groenigen et al.,
2012). Information on trade-off between rice yield increases
and GHG emission reductions is urgently needed to aid crop-
ping technique innovation and policy selection. Recently, in-
creasing numbers of studies have suggested that a compre-
hensive assessment of the impacts of cropping practices on
GHG emissions per unit yield (yield-scaled), rather than by
land area (area-scaled), will be beneﬁcial for maintaining
high yields, while reducing GHG emissions for decision-
making (van Groenigen et al., 2010; Linquist et al., 2012a).
Area-basedGHGemissioninformationaloneisnotsufﬁcient
to assess the future trend of emissions under the context of
increasing yields and the changing climate.
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Rice paddies could contribute to more than 80% of CH4
and N2O emissions driven by microbial activities (Yu et al.,
1997),andricevarietiescouldaffectN2OandCH4 emissions
in paddy ﬁelds (Fu et al., 2009; Baruah et al., 2010). While
decomposition and methanogenesis processes in soil and rice
rooting zones produce GHGs via ebullition and molecular
diffusion, the lacunae transport through aerenchyma in rice
plants is considered the most important in emitting CH4 to
the atmosphere (Wang et al., 1995). Rice plants develop an
intercellular gas space system, the aerenchyma, which pro-
vides roots with oxygen (O2) submerged in inundated soils.
This gas space system also enables the transport of other
gases, including CH4, N2O and carbon dioxide (CO2) from
the soil/sediment to the atmosphere. Consequently, the vari-
ation among rice varieties with different growth and devel-
opmental progresses could result in differences in total GHG
emissions among rice varieties.
China grows a large number of rice varieties, especially
hybrid rice varieties. For example, up to 2013, 101 cultivars
were approved as super-high-yielding rice by the national
Ministry of Agriculture in China. These cultivars can pro-
duce 15–20% higher yields than traditional hybrids under
traditional cultivation (Wang et al., 2005). Although higher
yields can often be obtained through genetic improvements,
it is not clear how the aerenchyma system varies among these
cultivars and how the gas transfer capacity in the root–shoot
transition zone inﬂuences GHG emissions associated with
the yield increase (Butterbach-Bahl et al. 1997). Thus, the
question remains whether the yield increase is large enough
to offset the corresponding increases in N2O and CH4 emis-
sions to achieve an overall lower yield-scaled global warm-
ing potential (GWP). In this study, we limit GWP to N2O
and CH4 emissions and do not include CO2, as CO2 emis-
sions and uptake have been widely studied (e.g., Zhang et
al., 2010; Shang et al., 2011).
The different growing length of cultivars affects GHG
emissions. Khush et al. (1995) reported that the optimum
growth duration for maximum rice yield in the tropics is 120
days from seed germination to seed production. To facili-
tate adaptation to multiple cropping systems, varieties with
growth durations of 100–130 days are required. In trans-
planted rice, varieties with shorter growth durations usually
produce lower yields with conventional spacing because they
do not produce sufﬁcient vegetative growth to achieve maxi-
mum yields (Yoshida, 1976). However, shorter growth dura-
tion is not necessarily associated with smaller GHG emis-
sions during this period. To gain a win–win situation that
produces high yields with lower GHG emissions, rice cul-
tivars with the optimal length of the growth duration after
transplanting (GDAT) should be carefully selected.
The application of N fertilizer is one of the primary meth-
ods for enhancing rice production, but ﬁeld measurements
have shown contradictory results for CH4 emissions caused
by N fertilization application. Some studies reported that N
fertilization signiﬁcantly stimulated CH4 emissions (Lindau
et al., 1991; Singh et al., 1996), but other studies found sig-
niﬁcant reductions in CH4 emissions with N fertilizer appli-
cation (Zou et al., 2005; Xie et al., 2010). Based on existing
data, determining an optimal rate of N fertilization for higher
yield rice varieties while reducing CH4 emissions is difﬁcult.
In contrast, N fertilizer has been approved to increase N2O
emissions (Kumar et al., 2000; Zou et al., 2005). N fertilizer
promotes both nitriﬁcation and denitriﬁcation processes that
produce N2O emissions.
During the past decades, many studies have examined the
effects of rice varieties on rice yields (e.g., Ma et al., 2010;
Fu et al., 2012) or GHG emissions (e.g., Ma et al., 2010; Mu
et al., 2011; Fu et al., 2012) in China. These studies provide
good opportunities to quantify the impacts of rice varieties
on GHG emissions at the yield scale through meta-analyses.
Here, we conducted a meta-analysis to quantitatively assess
impacts of rice varieties, growth duration after transplanting
(GDAT), and soil fertility management practices on yield-
scaled GHG emissions. We aim to provide a new perspective
to select rice varieties based on yield-scald GHG emissions
within certain growth duration after transplanting to achieve
higher yields with lower GHG emissions.
2 Materials and methods
2.1 Data selection
In this meta-analysis, we conducted a literature survey of
peer-reviewed papers related to rice yield and CH4 and N2O
emissions from Chinese rice ﬁelds published before June
2013. CO2 emissions and uptake are not included in this
study. To include as many studies as possible, papers pub-
lished in either English or Chinese were collected from
two databases, the Web of Science and the China National
Knowledge Infrastructure (CNKI), the largest database of
Chinese academic journals. Twenty-seven papers that in-
cluded 120 data points were collected according to the fol-
lowing criteria: the measurement data must have been con-
ductedunderﬁeldconditions,CH4 andN2Oﬂuxesmusthave
been measured over an entire growth period of rice using the
static chamber method, and both rice yield and GHG emis-
sions had to be determined simultaneously. If some authors
published their results on rice yield and GHG emissions in
separate papers, those data were obtained from separate pub-
lications. In some studies, the same treatment was measured
in more than 1 year, and then the mean value of measure-
ments in different years was used as a single observation.
Based on a survey of existing rice varieties in China, two
groups of rice variables (japonica and indica rice varieties,
subspecies in Asian cultivated rice and the most cultivated),
GDAT and fertility management practices were assessed in
this analysis. The detailed database is listed in Appendix S1.
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2.2 Data analysis
2.2.1 Calculation of the GWP
Two GWP indices (area-scaled and yield-scaled GWP) were
calculated for each observation to evaluate the integrated im-
pacts of rice varieties on GHG emissions and rice yields.
Area-scaled GWP represented the overall GWP of CH4 and
N2O emissions per unit rice ﬁeld (ha) and was used to eval-
uate the impacts of rice varieties on emissions. Yield-scaled
GWP represented the overall GWP per unit rice yield (Mg),
and was used to evaluate the comprehensive impacts of rice
varieties on GHG emissions and rice yield. The 100-year ra-
diative forcing potential coefﬁcients relative to CO2 were 25
and 298 for CH4 and N2O, respectively (IPCC, 2007).
2.2.2 Impacts of rice varieties
We used the methods of Linquist et al. (2012a) to evaluate
the mean GHG emissions, area-scaled GWP, rice yield, and
yield-scaled GWP for the two kinds of rice varieties. The
equations used were as follows:
M =
X
(Yi ×Wi)/
X
Wi (1)
Wi =n×f/o. (2)
Equation (1) was used to calculate the weighted mean val-
ues for two kinds of rice varieties, japonica and indica rice
varieties. Here, M is the mean value of CH4, N2O, area-
scaled GWP, rice yield, or yield-scaled GWP for two kinds
of rice varieties, respectively. Yi is the observation of CH4,
N2O, area-scaled GWP, rice yield or yield-scaled GWP at the
ith site, respectively. Wi is the weight for the observations
from the ith site and was calculated using Eq. (2), where
n is the number of replicates in the ﬁeld experiment and
f is the number of GHG measurements per month for the
weight of GHG emissions and the GWP indices. To prevent
studies with high sampling frequencies from being assigned
extreme weights, a maximum value of f = 5 was assigned
when GHG ﬂuxes were measured more than once a week.
For rice yields, we set f = 1 because it was measured once
per growing season. o is the total number of observations
from the ith site. This weighting approach assigned more
weight to ﬁeld measurements that were well replicated and
more precise ﬂux estimates, and adjusted the weights by the
total number of observations from one site to avoid studies
with many observations at one site from dominating the data
set (Linquist et al., 2012a). In this assessment of rice vari-
eties, we only selected experiments that included widespread
rice varieties used by local farmers. Experiments with rare
cropping practices that were only used by scientiﬁc tests,
such as upland rice (Kreye et al., 2007), were excluded from
this analysis.
2.2.3 Impacts of GDAT
GDAT was divided into seven time ranges, 70–80, 80–90,
90–100, 100–110, 110–120, 120–130, and >130 days of
GDAT. The impacts of GDAT were assessed using the same
methods applied to assess the other impacts of rice varieties.
In this study, we did not consider GHG emissions during the
non-growing season when temperature is relatively low and
rice paddies are drained, and thus CH4 and N2O emissions
are relatively low.
2.2.4 Impacts of fertility management practices
Fertility management practices, such as N fertilization, were
assessed in this study. Their impacts on GHG emissions,
area-scaled GWP, rice yield, and yield-scaled GWP were
evaluated using the response ratio (R; Hedges et al., 1999).
Only studies that included side-by-side comparisons were se-
lected in the meta-analysis. Rates of N application were em-
pirically divided into ﬁve levels (50–100, 100–150, 150–200,
200–250, and 250–300kgNha−1 season−1). The N fertiliz-
ers in the selected studies were ammonium-based, such as
urea, but ammonium sulfate was excluded because it is rarely
used by rice farmers in China. The natural log of the response
ratio (lnR) was calculated as the index of the effect size
lnR = lnXt/Xc, (3)
where Xt and Xc are measurements for the treatment and
control, respectively. The controls were non-fertilized and
were relative to N fertilization. The mean of the response ra-
tio was calculated from the lnR values of individual studies
by
M = exp
hX
lnR(i) ×W(i)/
X
W(i)
i
. (4)
In Eq. (4), W(i) is the weighting factor and is estimated by
W(i) = n×f, (5)
where n is the number of experimental replicates and f is the
number of GHG measurements per month for GHG emis-
sions and GWP indices or measurements per growing season
for rice yield. Because the response ratio was calculated as
that of the treatment to the control at the same site in each
study, the effect size mainly reﬂected the effect of the treat-
ment on GHG emissions and was rarely affected by the site.
Therefore, the weight of the response ratio was not adjusted
by the number of observations at the ith site, as in Eq. (2).
2.2.5 Meta-analysis
The meta-analysis was performed using MetaWin 2.1
(Rosenberg et al., 2000). A random-effect model was used
to calculate the mean effect sizes based on the assumption
that random variations in GHG emissions occurred between
observations. The 95% conﬁdence intervals (CIs) around the
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Figure 1. Impacts of cropping systems on CH4 and N2O emissions,
area-scaled GWP, rice grain yield, and yield-scaled GWP during
rice varieties types. The data in the bracket were the numbers of
observation. All error bars represented 95% conﬁdence intervals.
mean effect sizes were calculated by using bootstrapping
with 4999 iterations (Rosenberg et al., 2000; Linquist et al.,
2012a). Mean effect sizes were considered signiﬁcantly dif-
ferent if their 95% CIs did not overlap.
3 Results
3.1 Impacts of rice varieties
Substantial differences were observed in the impacts of
rice variety type on GHG emissions, rice yield, and GWP
(Fig. 1). The CH4 and N2O emissions were 6355.81
and 266.75kgCO2 equiv. ha−1for indica rice varieties, and
4845.02 and 294.96kgCO2 equiv.ha−1 for japonica rice va-
rieties. The differences in CH4 emissions (p = 0.055) and
N2O emissions (p = 0.289) between the two kinds of rice
were not statistically signiﬁcant (Fig. 1a, b). In terms of the
area-scaled GWP values, indica rice varieties had greater val-
ues than japonica rice varieties (Fig. 1c). However, the trend
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Figure 2. Impacts of cropping systems on CH4 and N2O emissions,
area-scaled GWP, rice grain yield, and yield-scaled GWP during
different growth duration after transplanting (GDAT). The data in
the bracket were the numbers of observation. All error bars repre-
sented 95% conﬁdence intervals.
in rice yield was opposite (Fig. 1d). As a result, a statistically
signiﬁcant (p = 0.014) higher yield-scaled GWP occurred
in indica rice varieties (1101.72kgCO2 equiv.Mg−1) com-
pared to japonica rice varieties (711.38kgCO2 equiv.Mg−1)
(Fig. 1e), indicating the japonica rice varieties released less
GHGs with higher yields.
3.2 Impact of the growth duration after transplanting
(GDAT)
The lowest and highest CH4 emissions among the differ-
ent GDAT were 70–80 days (3826.93kgCO2 equiv.ha−1)
and 80–90 days (7833.12kgCO2 equiv.ha−1), respectively
(Fig. 2a). N2O emissions were low, from 70 to 110 days.
When GDAT was more than 110 days, N2O emissions
tended to increase signiﬁcantly (Fig. 2b). Consequently,
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Figure 3. Effects of different N application rates on CH4 and N2O
emissions, area-scaled GWP, rice yield, and yield-scaled GWP. The
data were expressed as mean response ratios with 95% conﬁdence
intervals, and the numbers of observations included were indicated
in parentheses.
area-scaled GWP values were similar, between 80 and
90 (7981.74kgCO2 equiv.ha−1) and >130 days of GDAT
(7915.32kgCO2 equiv.ha−1; Fig. 2c). Rice yields tend to in-
crease signiﬁcantly with prolonged GDAT (Fig. 2d). There-
fore, the highest yield-scaled GWP occurred at 80–90 days
of GDAT (1495.56kgCO2 equiv.Mg−1), followed by 110–
120 (1093.85kgCO2 equiv.Mg−1) and >130 days of GDAT
(881.32kgCO2 equiv.Mg−1; Fig. 2e). The lowest yield-
scaled GWP occurred at 120–130 days of GDAT.
3.3 Impact of N fertilization
The response ratios for GHG emissions, area-scaled GWP,
rice yield, and yield-scaled GWP with N fertilizer applica-
tion as compared to non-fertilized controls are presented in
Fig. 3. The response ratios for CH4 emissions were around
1, indicating that N fertilization had no signiﬁcant stimulat-
ing or mitigating effects on CH4 emissions. The response ra-
tios for N2O were signiﬁcantly greater than 1 and increased
with the N application rate, indicating that signiﬁcant stimu-
lation of N2O emissions occurred with N fertilization. Con-
sequently, the response ratios for area-scaled GWP values of
CH4 and N2O emissions tended to be equal to or higher than
1, indicating slight stimulation of area-scaled GWP with N
fertilization. The response ratios for rice yield were all sig-
niﬁcantly higher than 1, and yield gains (18–86%) were sig-
niﬁcantly higher than GWP variations (−7% to 43%) at the
area scale with N application. As a result, the response ra-
tios for yield-scaled GWP were all less than 1, indicating a
reduction in yield-scaled GWP with N fertilization.
According to the response ratios for the yield-scaled
GWP, the mitigating effects of N fertilization on the yield-
scaled GWP were 7–41% compared with non-fertilized con-
trols. Among the ﬁve N application rates, the largest re-
duction, 41%, occurred with an application rate of 150–
200kgNha−1. When the application rate was higher than
200kgNha−1, the mitigating effects of N application on
GWP tended to decrease at the yield scale. Therefore, an ap-
plication rate of 150–200kgNha−1 should be recommended
to produce the least CH4 and N2O production at the same
yield.
4 Discussion
4.1 Differences in the effects of rice varieties on
yield-scaled GWP
Recently, increasing efforts have been directed toward as-
sessing GHG emissions from crop production at the yield
scale rather than the area scale (Pathak et al., 2010; Van
Groenigen et al., 2010; Venterea et al., 2011; Linquist
et al., 2012a). We found that the yield-scaled GWP pro-
vided more useful information in comparing rice varieties
than area-scaled GWP (Fig. 1). The average yield-scaled
GWP of japonica rice varieties (711.4kgCO2 equiv.Mg−1)
was similar to the estimated value for global rice pro-
duction (657kgCO2 equiv.Mg−1) published by Linquist
et al. (2012a) and for a rice-upland cropping system
(777.0kgCO2 equiv.Mg−1) reported by Feng et al. (2013).
Our meta-analysis results are different from some single site
results in that the yield-scaled GWP of indica rice vari-
eties (1101.7kgCO2 equiv.Mg−1) was similar to values in
India rice production (1146.3kgCO2 equiv.Mg−1) (Pathak
et al., 2010), and different from a double-rice cropping
system (1188.9kgCO2 equiv.Mg−1) described by Feng et
al. (2013). These ﬁndings indicate a possibly varietal differ-
ence in gas transport capacity from soil to the atmosphere
among cultivars, and open the possibility for breeding rice
cultivars with low GHG emissions.
We found that CH4 emissions were signiﬁcantly higher
from indica rice ﬁelds than from japonica rice ﬁelds. Simi-
lar results were found in other studies (Ma et al. 2010). Be-
cause more than 80% of both N2O and CH4 were emitted
through rice plants (Yu et al., 1997), signiﬁcant differences
could be found in the yield-scaled GWP between the rice va-
rieties. Several factors can affect CH4 emissions among dif-
ferent rice varieties, for example, (1) aerenchyma tissues, (2)
root biomass, and (3) transplanting style. Butterbach-Bahl et
al. (1997) pointed out that observed differences in CH4 emis-
sions in the ﬁeld between the cultivars Lido and Roma can be
explained by differences in gas transport capacity, which re-
sulted from differences in the morphology of the aerenchyma
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systems, especially in the root–shoot transition zone. From
an analysis of 16 indica rice varieties, Fu et al. (2007) re-
ported that plant height, the area of vascular bundles, and the
area of gas chambers in leaf sheaths are crucial factors in-
ﬂuencing CH4 emissions through the plant aerenchyma sys-
tem. Aulakh et al. (2000) clearly demonstrated that rice cul-
tivars differ signiﬁcantly in their CH4 transport capacity by
examining 12 cultivars (10 inbred varieties and 2 hybrids).
Similar results were found by Butterbach-Bahl et al. (1997)
when testing two Italian rice (Oryza sativa var. japonica) cul-
tivars (Lido and Roma) in the ﬁeld. Aerenchyma tissues of
plants can signiﬁcantly stimulate CH4 emissions from rice
ﬁelds (Butterbach-Bahl et al., 1997; Yan et al., 1997; Fu
et al., 2007). Previous studies have indicated that the use
of high-yielding cultivars with low CH4 transport capaci-
ties could provide an economically feasible, environmentally
sound,andpromisingapproachformitigatingCH4 emissions
from rice ﬁelds (Butterbach-Bahl et al., 1997; Aulakh et al.,
2000). On root biomass, Wang et al. (1999) indicated that
differences in CH4 emission rates among rice cultivars were
determined by differences in root biomass. Xu et al. (1999)
stated that a positive correlation existed between CH4 emis-
sions and root biomass, and similar results were observed by
Wang et al. (1997). High exudation rates could be caused by
higher root biomass but not by a higher activity of the root
tissue (Lu et al., 1999). Deposits of organic root exudates,
sloughed-off cells, and decaying root debris serve as the ma-
jor carbon sources for CH4 production in rice ﬁelds (Lu et al.,
2000a, b). Regarding the transplanting style, Ko and Kang
(2000) found that transplanting 30-day-old seedlings, direct
seeding on wet soil, and direct seeding on dry soil reduced
CH4 emission by 5%, 13% and 37%, respectively, when
compared with transplanting 8-day-old seedlings. Pathak et
al. (2013) concluded that direct seeding of rice (DSR) was
a feasible alternative for signiﬁcantly reducing CH4 emis-
sions in addition to saving water and labor. Fu et al. (2008),
however, reported that CH4 ﬂux under DSR was signiﬁcantly
lower, but that the amount of CH4 emissions under DSR
was signiﬁcantly greater than under TPR based on the rice
growth stage in paddy ﬁelds. One possible reason was that
they did not measure the amount of CH4 emissions during
the seedling stage under TPR conditions.
These differences in area-scaled and yield-scaled GWP
demonstrate a potential for agronomic alterations to achieve
higher yields with lower GHG emissions by changing rice
varieties (indica vs. japonica rice varieties) in China. Area-
scaled and yield-scaled GWP could be reduced by 22% and
35%, respectively (Fig. 1), if indica rice varieties were re-
placedbyjaponicaricevarietiesinthesamepaddyﬁelds.Be-
cause most previous studies focused on investigating GHG
emissions in either indica or japonica rice varieties, not
enough published references were available for us to assess
differences in GHG emissions between other rice varieties,
such as upland rice. Additional ﬁeld observations of GHG
emissions should be conducted with more rice varieties to
allow a comprehensive assessment of GHG emissions with
different kinds of rice varieties.
4.2 Differences in the effects of GDAT on yield-scaled
GWP
Growth duration from seed to seed in rice varieties varies
with latitude and elevation. Consequently, we selected the
GDAT (the period from transplanting to harvesting) in our
study as a criterion to eliminate this difference. We found
that the highest yield-scaled GWP occurred at 80–90 days
of GDAT. All rice varieties in 70–90 days of GDAT be-
longed to early rice (e.g., Shang et al., 2011; Shi et al.,
2011a, b; Fu et al., 2012), for which the yield-scaled GWP
was 1148.20kgCO2 equiv.Mg−1. Feng et al. (2013) also re-
ported that the yield-scaled GWP in early rice in a double-
rice cropping system was 1125kgCO2 equiv.Mg−1. Our
results further demonstrated signiﬁcant differences in the
yield-scaled GWP between 70–80 and 80–90 days of GDAT.
Yield-scaled GWP in 80–90 days of GDAT was 87% higher
than in 70–80 days of GDAT. In addition, Feng et al. (2013)
reported that yield-scaled GWP in late rice in a double-rice
cropping system was 1298.08kgCO2 equiv.Mg−1, which
was 73% higher than in 90–100 days of GDAT. Yield-scaled
GWP (777.00kgCO2 equiv.Mg−1) in a rice-upland crop-
ping system reported by Feng et al. (2013) was similar to
that of >120 days of GDAT (747.50kgCO2 equiv.Mg−1),
but it was signiﬁcantly lower than the value in 100–120 days
of GDAT (944.10kgCO2 equiv.Mg−1). More details were
found in studies on the yield-scaled GWP in >100 days of
GDAT. Yield-scaled GWP values in 100–110 and >120 days
of GDAT were higher than in 110–120 and >130 days of
GDAT, respectively.
As with rice varieties, differences in CH4 emissions were
also the main contributors to signiﬁcant differences in the
yield-scaled GWP among GDAT categories. Several factors
can affect CH4 emissions among GDAT categories, for ex-
ample, rice variety and soil temperature. First, large differ-
ences exist in rice varieties among GDAT categories. The
main varieties in the >120 days of GDAT category were al-
most all japonica rice; both japonica and indica rice were
found in 100–120 days of GDAT, while indica rice was al-
most exclusive in the 70–100 days of GDAT category. Pre-
vious studies have reported that CH4 emissions are signiﬁ-
cantly higher from indica rice ﬁelds than from japonica rice
ﬁelds (Liou et al., 2003; Ma et al., 2010). Similar results were
found in this study. Second, the average soil temperature dur-
ing the rice growing season was about 15 ◦C for a single-rice
cropping system (Yue et al., 2005), 26 ◦C for a rice-upland
crop rotation cropping system (Cai et al., 2003), and 25 ◦C
for a double-rice cropping system (Yang et al., 2010). In-
creases in soil temperature can signiﬁcantly stimulate CH4
emissions from rice ﬁelds (Parashar et al., 1993).
Because most previous studies focused on examining
GHG emissions during GDAT, few published references
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were available to assess the impacts of rice varieties on GHG
emissions during the seedling stage. Ma et al. (2012) indi-
cated that CH4 emissions during the seedling stage must be
considered to calculate an accurate national CH4 budget for
rice agriculture. Additional ﬁeld observations of GHG emis-
sions in rice varieties should be conducted from seeds to
seeds to complete life cycle assessments of GHG emissions
in various rice varieties.
4.3 Differences in the effects of N fertilization on
yield-scaled GWP
N fertilization is one of the major fertilizer management
practices for increasing rice yield and sustaining soil fertil-
ity, but it also signiﬁcantly stimulates N2O emissions (Kumar
et al., 2000; Zou et al., 2005). Although no signiﬁcant stim-
ulation or reduction in CH4 emissions were observed (Cai
et al., 2007; Linquist et al., 2012b), the area-scaled GWP
of CH4 and N2O emissions was stimulated by N fertiliza-
tion. However, our meta-analysis showed that N fertilization
increased rice yield more than the GWP of CH4 and N2O
emissions, which resulted in a large reduction in the yield-
scaled GWP. Moreover, the greatest reduction, 41% com-
pared to non-fertilized controls, occurred with an applica-
tion rate of 150–200kgNha−1. This rate was close to the
recommended fertilization rate for high rice yield in China
(Ju et al., 2004). Similar results were found in the study by
Feng et al. (2013), with a 37% emission reduction relative
to unfertilized controls occurring with an application rate
of 150–200kgNha−1. Overuse of N will not only reduce
rice yield gain but also stimulate N2O emissions, resulting
in higher GHG emissions at the yield scale. Thus, a balance
between rice yield increase and GHG emission reductions
can be achieved by adjusting the N application rate.
4.4 Cultivar choice and pairs in major Chinese rice
cropping systems
The major Chinese rice cropping systems were divided into
three groups: annual single-rice cropping (17.0% of the to-
tal rice production), annual rice-upland crop rotation (rice–
wheat or rice–rape seed rotation; 49.0% of the total rice pro-
duction), and annual double-rice cropping (34.0% of the to-
tal rice production; National Bureau of Statistics of China,
2011). Feng et al. (2013) indicated that the yield-scaled
GWP in double-rice cropping systems, rice-upland crop rota-
tion systems, and single rice cropping systems were 1188.9,
777.0, and 346.7kgCO2 equiv.Mg−1, respectively. Linquist
et al. (2012a) reported that the yield-scaled GWP of global
rice production was 657kgCO2 equiv.Mg−1. Proper cultivar
choice and pairs (CCAP) is of vital importance in rice crop-
ping systems if GHG emissions are to be further reduced, es-
pecially in double-rice cropping systems. Yield-scaled GWP
could be reduced by 35% if japonica rice varieties in ma-
jor Chinese rice cropping systems replace indica rice vari-
eties in the same paddy ﬁelds. Within the climate limitation,
if 70–80 days of GDAT early rice in double-rice cropping
systems replace 80–90 days of GDAT rice, the yield-scaled
GWP could be reduced by 47%. If 100–110 days of GDAT
varieties in rice-upland cropping systems replace 110–120
days of GDAT varieties, the yield-scaled GWP could be low-
ered by 38%. Finally, if 120–130 days of GDAT varieties
in single-rice cropping systems replace >130 days of GDAT
varieties, the yield-scaled GWP could be reduced by 30%.
5 Conclusions
To achieve a trade-off between increasing rice yield and
reducing GHG emissions during cultivar choice and pairs
(CCAP) and rice production policy selection, we conducted a
meta-analysis on GHG emissions at the yield scale based on
ﬁeld observations in China. This analysis indicated that the
highest yield-scaled GHG occurred in indica rice varieties
compared to japonica rice varieties. Moreover, a lower yield-
scaled GHG occurred in 120–130 days of GDAT, followed
by 90–100, 100–110, and ﬁnally 70–80 days of GDAT. For
example, better CCAP in the double-rice region in Hunan
Province would use 70–80 days of GDAT (early rice) and
90–100 days of GDAT (late rice) varieties. In the Huaihai
River plain and hilly areas, better CCAP in the rice-upland
cropping system would use 100–110 days of GDAT varieties.
In the Sanjiang Plain, better CCAP in the single rice system
would use 120–130 days of GDAT rice.
N fertilization can reduce yield-scaled GHG emissions
frompaddyﬁelds,withtheoptimalfertilizationratefallingin
the range of 150–200kgNha−1. Though N fertilization pro-
moted N2O emissions, it increased rice yield more than CH4
and N2O emissions. A balance between rice yield increase
and GHG emission reductions can be achieved by adjusting
the N application rate.
Due to limitations in the existing ﬁeld observations, only
direct GHG emissions in indica or japonica rice varieties, or
GDAT in the same rice varieties, were assessed in this study.
In the future, more efforts should be spent on ﬁeld obser-
vations of direct GHG emissions from multiple rice vari-
eties and throughout the entire growing period, from seeds
to seeds, e.g., on comparing indica and japonica rice vari-
eties during the seedling stage. Life cycle assessments of
GHG emissions from various rice varieties at the yield scale
are critical and urgently needed for the development of win–
win policies for rice production to achieve higher yields with
lower emissions.
The Supplement related to this article is available online
at doi:10.5194/bg-11-3685-2014-supplement.
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